In mammals, an internal timing system in the suprachiasmatic nucleus generates circadian (24 h) rhythms and communicates its circadian signal to other brain areas by means of action potentials where it regulates our daily schedules of physiological and endocrine processes. Several input pathways of the suprachiasmatic nucleus can influence the endogenous timing system and synchronize it with environmental timing cues. We show here that the inhibitory neurotransmitter glycine can modulate the activity of clock neurons and can reset their rhythmic activity depending on the phase of the daily cycle. The knowledge of these synchronizing mechanisms is of importance for understanding the consequences of perturbations of the circadian timing system that could lead to serious health impairments.
Introduction
The hypothalamic suprachiasmatic nucleus (SCN) is the primary endogenous oscillator that controls circadian rhythms of numerous behavioural, endocrine and physiological processes (Buijs & Kalsbeek, 2001) . The bases for cell-autonomous circadian oscillations are interacting positive and negative transcriptional feedback loops that drive recurrent rhythms in the RNA and protein levels of several clock components (Reppert & Weaver, 2002) . Circadian periodicity of the SCN persists in vitro in brain slice preparations or in isolated SCN neurons showing that it is an intrinsic phenomenon that does not depend on inputs from brain structures outside of the SCN. The major role of neural inputs to the SCN is to entrain the intrinsic circadian rhythm of the SCN to prevailing environmental cycles, a critical feature of circadian timing (Brown & Piggins, 2007) . Beside the well-characterized retinohypothalamic tract pathway, a number of SCN afferents appears to influence circadian timing. The role of most of these hypothalamic and extra-hypothalamic inputs to the SCN is uncertain. These mechanisms could be responsible for synchronization of inter-neuronal time keeping producing a coherent rhythmic output or could be used for transmitting phase-resetting information to clock cells.
Neurotransmitters probably mediating the synchrony within ventral and dorsal SCN oscillators include the inhibitory transmitter GABA (Albus et al. 2005) . Most, if not all, SCN cells express GABA and GABA receptors (Wagner et al. 1997) , and exogenous GABA, acting through GABA A receptors, is able to synchronize individual clock cells and to phase-shift neuronal rhythms in cultured SCN neurons (Liu & Reppert, 2000) . However, in SCN slices, another report suggests that GABA is possibly not required for synchrony of firing rhythms (Aton et al. 2006) .
Similarly to GABA, glycine serves as a neurotransmitter at inhibitory synapses in the central nervous system, where it activates strychnine-sensitive GlyRs which, like GABA A/C receptors, belong to the pentameric nicotinic acetylcholine receptor superfamily (Betz & Laube, 2006) . It can also act as co-agonist at the excitatory N -methyl-D-aspartate (NMDA) receptor. Initially, glycinergic neurons were thought to be restricted to spinal cord and brainstem (cf. Lynch, 2009) ; later the presence of glycinergic axons and somata was confirmed in the forebrain (Rampon et al. 1996) , in areas where also GlyRs are abundantly expressed (Sato et al. 1991 (Sato et al. , 1992 . A substantial number of glycine-immunoreactive fibres were observed in the hypothalamus including the anterior and posterior hypothalamus, the lateral hypothalamus, the paraventricular nucleus and the preoptic region (van den Pol & Gorcs, 1988; Rampon et al. 1996) . Some glycine-positive fibres enter the suprachiasmatic nucleus, but most of the fibres seem to terminate in the periphery of the nucleus (Mahr, 2008) . In the rat brain, electrophysiological studies proved the presence of strychnine-sensitive GlyRs in the SCN which suggests that glycine can act as classical inhibitory neurotransmitter as well as excitatory neuromodulator (Ito et al. 1991) . Further evidence for a role of glycine in the SCN comes from organotypic slice cultures which show a circadian release of glycine (Shinohara et al. 1998) , and from the observation that high concentrations of glycine can possibly reset the circadian clock in acute brain slices (Prosser et al. 2008) . In order to elucidate the role of glycine in the SCN, we performed patch-clamp recordings in acute brain slices and measured additionally long-term neuronal activity in organotypic slices using multimicroelectrode arrays to investigate possible phase-shifting actions of glycine.
Methods

Animals
Acute brain slices were prepared from 3-to 4-week-old wild-type mice (C57Bl/6) and organotypic slices from 2to 5-day-old animals. Animals were housed under a 12 h light-12 h dark cycle with lights on at 06.00 h and lights off at 18.00 h. All procedures were performed in accordance with The Journal of Physiology standards and advice (Drummond, 2009) , with the law for animal experiments issued by the German Government (Tierschutzgesetz) and were approved by the local animal care committee. cut on a vibratome, and placed on a Millipore culture insert (MilliCell-CM) in a 35 mm culture dish with a small amount of culture medium (ca. 1 ml) consisting of DMEM/F12 medium (Invitrogen, Karlsruhe, Germany) supplemented with 10% fetal calf serum, 2.5 mM glutamax (Invitrogen), 10 mM Hepes (Sigma-Aldrich, München, Germany) and 100 μg ml −1 penicillin-streptomycin (Invitrogen). Medium was exchanged three times per week. The dishes were incubated at 37 • C in 5% CO 2 -95% air for more than 2 weeks. Before recording, the membrane of the culture insert beneath the brain slice was cut to approximately the size of the slice. The slice was inverted with the culture membrane at the top and then placed onto a nitrocellulose-coated MEA (Multichannel Systems, Reutlingen). Organotypic slices were maintained on MEAs for up to 3 weeks under flow-through culture conditions.
Multi-electrode array recordings
Long-term recordings of firing rate from organotypic brain slices were carried out with a MEA-1060 recording system (Multichannel Systems, Reutlingen) as previously described (Tousson & Meissl, 2004) . Two types of high-density microelectrode arrays (HD-MEA) with different electrode layouts were used. One type consisted of two fields of 30 electrodes with a diameter of 10 μm and 30 μm spacing. The distance between the two fields was 500 μm. In this case, only one field was covered by the SCN. The second HD-MEA type consisted of one field of 60 electrodes with 10 μm diameter and 40 μm spacing between the electrodes that was covered by one entire SCN. Using this type of HD-MEA, the electrode field had approximately the size of one SCN and was nearly completely covered by the tissue, so that recordings could be obtained from all subdivisions of the SCN simultaneously.
Extracellular voltage signals recorded from the MEA electrodes were amplified ×1200 and sampled at 32 kHz on 60 channels simultaneously. Extracellularly recorded spikes which are usually embedded in biological and thermal noise of about 15 μV peak to peak were detected by using a threshold-based algorithm. Action potentials exceeding a defined voltage threshold were digitized and stored as time-stamped spike cut-outs using the MC˙Rack software (Multichannel Systems).
Recording medium was similar to the culture medium with the exception that the Hepes content was elevated to 20 mM and the NaHCO 3 levels reduced to 0.56 g l −1 . During long-term recordings, medium was exchanged continuously at a flow rate of 20 μl min −1 using a SP 260PZ syringe pump (WPI, Sarasota, USA). The culture chamber, application system and inflow-outflow system were completely sealed to prevent bacterial contamination.
Patch-clamp recordings
For whole-cell patch-clamp recordings of SCN neurons, 250-μm-thick acute brain slices were used. Recordings were performed at room temperature with an EPC-9 patch-clamp amplifier (HEKA Elektronik, Lamprecht, Germany) and Pulse 8.11 software. The patch pipettes were pulled from borosilicate glass tubing (Hilgenberg, Malsfeld, Germany) on a horizontal puller. When filled with internal solution, they had a resistance of 5-10 M . The pipette solution contained (in mM): caesium gluconate 125, CaCl 2 1, EGTA 10, MgSO 4 4.6, Na-Hepes 10, Na-ATP 4, Na-GTP 0.4, QX-3145 5, Neurobiotin (Vector Laboratories, Burlingame, CA, USA) 15, Alexa-568 (Molecular Probes, Göttingen, Germany) 0.1 (pH 7.3, adjusted with CsOH). Cells were voltage clamped in the whole-cell patch-clamp configuration. Spontaneous spike activity was recorded in some cells in the cell-attached configuration. Neurons from the suprachiasmatic nucleus were selected for recording under visual guidance of differential interference contrast microscopy (Axioscope 2, Zeiss). Input resistances typically were between 600 and 1400 M . Series resistances were 1-2 M and left uncompensated. The cell and pipette capacitances were cancelled. The liquid junction potential of the aCSF with regard to the pipette solution was approximately 15 mV. The holding potential was corrected for the junction potential. The signals were filtered at 1 kHz with an eight-pole Bessel filter built into the EPC-9 amplifier and digitized. The sampling rate was 10 kHz. All experiments were performed during the second part of the day and the early night (Zeitgeber time: ZT 7-15).
After patch-clamp recordings, recorded neurons were filled with Alexa 568 and neurobiotin (Vector Labs). Slices were then fixed for 30 min with 4% paraformaldehyde in 0.1 M phosphate buffer (PB) at room temperature, washed three times with PB and then incubated in 5% (w/v) Chemiblocker (Chemicon, Hofheim, Germany), 0.5% (v/v) Triton X-100 in PB with streptavidin Alexa 568 (1:2000; for 2 h). After incubation, slices were washed in PB and labelled SCN neurons examined with a Zeiss Axioplan 2 microscope.
Drug application
All drugs in the patch-clamp experiments were applied by superfusion through a multibarrel, pressure-driven system (DAD12, ALA Scientific Instruments). The tip of the micromanifold had an inner diameter of 200 μm and was placed within 100 μm of the soma of the recorded cell. Agonists were applied for 5 s at different concentrations. The sequence of the concentrations applied to cells was randomized. All concentrations in patch-clamp experiments refer to the concentration in the micromanifold. The actual concentrations at the cellular level J Physiol 589.9 will be lower due to the dilution of the drugs in the chamber which could not be calculated.
ACSF was continuously superfused with the application system at the same rate before and after drug application. This allowed the time interval just before drug application to be used as a control. Between drug applications, the cells were superfused for at least 3 min with aCSF to prevent possible receptor desensitization. The GlyR antagonists strychnine (1 to 10 μM), PMBA (100 μM) or ginkgolide B (10 μM) were applied for 5 s prior to the co-application with 1 mM glycine.
In MEA recordings, drugs were applied by using a Triathlon autosampler (Spark Holland, Emmen, the Netherlands) which was installed into the superfusion system (see Klisch et al. 2009 ). The autosampler had the advantage that drugs could be applied automatically throughout the 24 h cycle under sterile conditions. The culture chamber of the MEAs had a volume of about 1.5 ml. As the injection volume of the autosampler was 50 μl, drugs in the sample vials were 30-fold concentrated and diluted during the application process in the chamber. The flow rate was 20 μl min −1 during the whole experiment. After application, drugs were slowly washed out by the superfusion medium, so that an effective concentration of glycine was present for approximately 5 h after start of application.
Data analysis and statistics
All normally distributed data are presented as mean ± standard error of the mean. Statistical analysis was performed using Student's t test or ANOVA.
For measurement of the effects of glycine and strychnine on the firing rate in MEA recording, cells were considered as responding if the mean firing rate following application of the drug changed by more than ±20%. Only spontaneously active cells with a discharge rate >0.2 Hz and a stable baseline firing rate in the 15 min period before drug application were counted. Many SCN cells showed a clear trend with an increase or decrease of the firing rate prior to drug application. Responses were excluded from further analysis if they showed a pre-existing trend of the same polarity as the response.
Circadian periodicity before and after drug application was first determined with Lomb & Scargle periodograms (Time Series Analysis Seriel Cosinor; Expert Soft Technology, Esvres, France). The circadian activity rhythm was estimated during the 72 h before drug application, and then, after a pause of 24 h, during the subsequent three cycles. This procedure, which monitors the electrical activity rhythms over many days, should ensure that the observed effects are stable. Only if periods before and after treatment exceeded a power of 600 and featured a single peak between 20 and 28 h were they used for determination of phase shifts. Phase shifts were estimated by fitting a single cosinor model on to the data points to estimate the phases of the electrical activity rhythms (Time Series Analysis Seriel Cosinor; Expert Soft Technology, Esvres, France), by comparing the peak time of the firing rhythm and by using the half-maximal rise time of the activity rhythm as reference point. All these methods to quantify the phase shifts gave consistent results. In acute SCN slices, the peak of neuronal activity occurs around the middle of the subjective day corresponding to circadian time 7 (CT 7; Prosser & Gillette, 1989 ). This activity peak was used in organotypic slices as a phase reference point and set to CT 7.
Solutions and chemicals
All drugs were purchased from Sigma-Aldrich (München) unless otherwise stated.
Results
Whole-cell patch clamp
We present here evidence that SCN neurons in acute coronal brain slices of mice exhibit a glycine-induced current. This is consistent with the only previous investigation on glycine responses performed in primary cell cultures of the SCN of rats (Ito et al. 1991) . In mice, application of glycine at a holding potential of 0 mV generated an outward current in 83% of SCN neurons (113 neurons out of 136); the remaining neurons were glycine insensitive. Effects of glycine were concentration dependent with a threshold concentration at 10 μM (Fig. 1A) ; above 100 μM glycine elicited a clear response in all glycine-sensitive cells. The concentration-response relationship had a sigmoidal shape and could be fitted using a Hill equation resulting in an EC 50 of 780 μM (Fig. 1B) . Maximal responses were observed at 10 mM glycine. The accurate concentrations will be lower because of dilution in the superfusion solution. The glycineinduced currents showed a fast activation component, followed by a slow deactivation that began during glycine application (Fig. 1A) . The amplitude of glycine-induced currents varied considerably between individual cells. Extracellular recordings of action potentials were performed only in a few cases in the cell-attached mode showing a concentration-dependent suppression of the spontaneous firing activity in most of the glycine-sensitive SCN neurons (5 out of 13) (Fig. 1C) . These neurons were mostly located in the ventral to middle part of the SCN; only one cell in the middle SCN was excited by glycine. In addition to glycine, the amino acids taurine and β-alanine induced similar currents in the mouse SCN ( Fig. 1D ).
Action of glycine antagonists. Glycine-induced currents could be effectively reduced by 5 μM strychnine, a specific glycine antagonist ( Fig. 2A ). After washout of C 2011 The Authors. Journal compilation C 2011 The Physiological Society ) at FLORIDA STATE UNIV on November 1, 2011 jp.physoc.org Downloaded from J Physiol ( the antagonist the response to glycine recovered to its initial value. Strychnine decreased the glycine-induced current by 51.2 ± 7.7% (1 mM glycine, n = 12, Fig. 2C ). Higher concentrations of strychnine (25 μM) suppressed the current further to 34.8 ± 6.8% (n = 8, Fig. 2D ). This appears to be the maximal effect of strychnine; we never observed a complete suppression of the glycine response which is probably caused by an unspecific action of glycine on GABA A receptors. Indeed, gabazine (5 μM), a blocker of GABA A receptors, reduced the amplitude of the current by 26.2 ± 15.9% (n = 8, Fig. 2E ). However, this reduction of the current was in all recordings lower than the effect of glycine. Concomitantly to the suppression of glycine-induced currents, 5 μM strychnine reduced the duration of the inhibition of electrical activity in SCN neurons recorded extracellularly (Fig. 2B ). As it is known that higher concentrations of strychnine are also able to inhibit GABA A receptors (Shirasaki et al. 1991) , as well as nicotinic acetylcholine receptors (nAChRs) by binding to its α7 subunit (Kuijpers et al. 1994; Matsubayashi et al. 1998) which is expressed in the SCN (Seguela et al. 1993) , we used in most experiments concentrations of 5 μM strychnine.
Two other antagonists of GlyRs, phenylbenzene ω-phosphono-α-amino acid at 100 μM (PMBA) (Saitoh et al. 1994) and ginkgolide B at 1 μM (Betz & Laube, 2006 ) caused a similar, statistically significant, reduction of glycine-induced currents (PMBA: 56.8 ± 10.5, n = 9, and ginkgolide B: 33.9 ± 13.1, n = 6) ( Fig. 2C) .
Ion selectivity and specificity of the glycine-induced current. To discriminate the currents induced by activation of glycine and GABA A receptors, we determined the response characteristics of both currents induced by application of 100 μM GABA and 1 mM glycine ( Fig. 3A and B) . Usually glycine-induced currents had lower amplitudes than GABA-induced currents (146.7 ± 30.2 pA vs 326.4 ± 64.9 pA, n = 17) and showed different response kinetics. Although activation was fast in both cases, in comparison to GABA currents glycine currents showed a slower and longer lasting deactivation. The current-voltage relationship of glycine currents in SCN neurons was determined by recording the currents produced by 1 mM glycine at different holding potentials ranging from −75 mV to +35 mV. The measured reversal potential was similar for both GABA and glycine currents. The average current-voltage relationship for glycine is shown in Fig. 3B (continuous line, n = 4-12) and depicts a reversal potential at −47.1 mV. This is close to the chloride equilibrium potential, E Cl = −51 mV, predicted by the Nernst equation under our recording conditions. The two other lines depict the current-voltage curves for the two cells shown in Fig. 3A for comparison.
When GABA (1 mM) and glycine (10 mM) were co-applied at saturating concentrations, the measured current was smaller than the arithmetic sum of both currents (Fig. 3C, n = 12) . The current induced by co-application of GABA and glycine is characterized by a slow deactivation kinetic, which is probably caused by the glycine component, because the deactivation is faster when GABA is applied alone. Three out of seventy-one
Figure 2. Glycine activates strychnine-sensitive GlyRs in SCN neurons
A, typical response to glycine (1 mM) at a holding potential of 0 mV showing an outward current (upper trace) which is reduced by co-application of strychnine (str, 5 μM) (middle trace). The lower trace shows the recovery of the response after wash-out. n = 12. B, extracellular recordings from a SCN neuron in an acute slice. Strychnine (5 μM) reduces the inhibitory effect of glycine on the spike rate (n = 3). C, the GlyR antagonists strychnine (5 μM), PMBA (100 μM) and ginkgolide B (ginkgo, 1 μM) reduce glycine-induced currents by 51, 56 and 34%, respectively (n = 6-12). D, the suppression of the amplitude of the current is enhanced by increasing concentrations of strychnine (1 to 25 μM, n = 8). E, application of gabazine (gbz, 5 μM) together with glycine (1 mM) reduced the current induced by glycine alone to a lesser extent than strychnine (5 μM) (n = 8). * P < 0.05. C 2011 The Authors. Journal compilation C 2011 The Physiological Society ) at FLORIDA STATE UNIV on November 1, 2011 jp.physoc.org Downloaded from J Physiol ( SCN neurons tested for glycine and for GABA current were unresponsive to GABA application although they were sensitive to glycine (Fig. 3D ). Strychnine (5 μM) applied together with GABA had no significant effect on GABA responses (Fig. 3E, n = 12) indicating that the effects of strychnine are caused by a specific blockade of GlyR. In contrast, the GABA A receptor antagonist gabazine (4 μM) successfully suppressed GABA currents. We can also rule out the possibility that glycine acts on nAChRs in the SCN because application of tubocurarine, a blocker of nAChR, had no effect on the amplitude of the glycine-induced current (Fig. 3F, n = 10) .
Beside its direct action on strychnine-sensitive GlyRs, glycine can act in isolated SCN neurons of the rat as co-agonist of NMDA receptors (Ito et al. 1991) . To examine whether the currents induced by glycine application have a component that is caused by NMDA receptor activation, we co-applied NMDA (100 μM) with glycine (1 μM) at a holding potential of −40 mV in Mg 2+ -free external solution. Although this glycine concentration should be
Figure 3. Ion selectivity and specificity of the glycine-induced current
A, currents induced by 1 mM glycine (left traces) and 100 μM GABA (right traces) are recorded at different holding potentials in the same neuron. Note the longer duration of the deactivation phase after glycine application compared to GABA. B, current-voltage relationship for glycine in SCN cells from acute slices (mean values ± SEM of 4 to 12 SCN neurons). The measured reversal potential (−47.1 mV) approaches the equilibrium potential for chloride under these recording conditions which was E Cl = −51 mV. The dashed line and dotted line represent the current-voltage curves for glycine-induced and GABA-induced currents in the cell in A, respectively (reversal potentials: glycine, −49.2 mV; GABA, −50.1 mV). C, co-application of saturating concentrations of glycine (10 mM) or GABA (1 mM) induced a current of lower amplitude than the arithmetic sum (3, in grey) of glycine-(1) and GABA-(2) induced currents (n = 12). D, example of a recording from a SCN neuron where glycine (10 mM) induces an outward current at a holding potential of 0 mV (lower trace). The cell is unresponsive to GABA application (1 mM, upper trace). E, strychnine does not significantly decrease the amplitude of the current induced by 100 μM GABA. In contrast, 4 μM gabazine effectively suppresses this current (85%). n = 12. * P < 0.05. F, the nicotinic acetylcholine receptor tubocurarine (50 μM) does not affect glycine-induced currents (n = 10). J Physiol 589.9 sufficient to saturate NMDA receptors, application of NMDA and NMDA + glycine induced similar currents (n = 10; data not shown).
Multi-electrode array recordings
Organotypic SCN slice cultures allow in combination with multi-electrode array recordings long-term monitoring of extracellular neuronal activity while keeping an intrinsic network that is very close to the in vivo condition. Advantages of organotypic cultures compared to acute slices are that they can be kept for weeks in culture and electrical activity, i.e. the output signal of the circadian clock, can be monitored for long periods of up to 3 weeks. Almost all electrodes covered by the SCN and showing spike activity exhibited clear oscillations of electrical activity with a circadian rhythm of 23.86 ± 0.37 h (n = 21 experiments with 8-45 cells per experiment). These electrodes usually recorded spontaneous single-and multi-unit activity and showed stable periodicity of the firing rate over several days. Circadian oscillations of spike activity recorded from different electrodes were usually in phase in the same preparation but, in rare cases, the peak of activity in one channel, i.e. from one cell group, was displaced for up to 10 h. Although in some cultures the amplitude of the oscillation could vary, in most of the recordings the mean spike rate, i.e. the amplitude of each cycle, was in a similar range from one day to another and the peak of activity did not decline.
Short-term effects of glycine in MEA recordings.
Short-term effects of glycine showed, in MEA recordings, inhibitory as well as excitatory responses on the firing rate ( Fig. 4A and C) . Strychnine applied alone reduced the spontaneous electrical activity in neurons that were excited by glycine ( Fig. 4B ), suggesting a counteraction of the effect of glycine on GlyRs. Although both response types, inhibitory and excitatory responses, could be observed throughout the circadian cycle, the proportion of cells that were inhibited by glycine was more prominent at CT 4 than at CT 16 (24 vs. 6%, Fig. 4D ). In addition, at CT 4, a subset of neurons responded to glycine with a biphasic change of the firing rate consisting of a short increase of the firing rate followed by a longer decrease (5%). Interestingly, simultaneous recordings from the SCN and one of its targets, the paraventricular hypothalamic nucleus, using high-density MEAs with two recording fields, revealed responses to glycine with opposite direction: excitation in the SCN (Fig. 4E) and inhibition in the paraventricular nucleus (Fig. 4F) . This raises the possibility that differences in the response to glycine between clock cells and other hypothalamus cells could depend on the circadian time.
Glycine phase-shifts the circadian pacemaker. Circadian activity of the firing rate was monitored for at least 3 days, then we bath-applied glycine and recorded the electrical activity for an additional 4 days. Phase shifts of the average neuronal activity of all electrodes showing a rhythm in one MEA were estimated using Cosinor analysis. In parallel, comparison of the peak time of this average activity before and after application, as well as the half-maximal rise time of the firing rate of each cycle, were used to calculate the phase shift in order to confirm the results. To note, phase shifts were calculated for the activity recorded on individual electrodes as well as for the average activity of all electrodes and showed similar results. Application of 1 mM glycine at different times of the circadian cycle evoked clear phase shifts, phase advances as well as phase delays. Glycine applied 3 h before the peak of neuronal activity (CT 4) induced phase advances (1.7 ± 0.2 h, n = 105 cells in 6 explants; Fig. 5B ), whereas glycine application at CT 16, shortly before the trough of SCN neuronal activity, induced a phase delay (-1.4 ± 0.2 h, n = 167 cells in 7 explants, Fig. 5C ). No clear phase shift was observed in the late night (−0.3 ± 0.2 h, n = 77 cells in 4 explants). The phase-response histograms in Fig. 5D illustrate that the phase-shifting effects of glycine depend on the time at which glycine was applied. Vehicle application using superfusion medium never caused a phase shift of the firing rhythms at CT 4 ( Fig. 5A, 0 .2 ± 0.1 h, n = 93 cells in 4 experiments) or CT 16 (0.1 ± 0.2 h, n = 64 cells in 3 experiments).
Glycine-induced phase shifts are mediated by glycine
receptors. To ensure that the observed glycine-induced phase shifts were caused by activation of GlyRs, strychnine (5 μM) was co-applied with glycine at the same time at which glycine alone induced a phase advance or a phase delay (Fig. 5E ). Strychnine prevented the phase shifts at CT 4 (0.1 ± 0.2 h, n = 114 cells in 5 explants) as well as at CT 16 (−0.4 ± 0.2, n = 130 cells in 5 explants). The use of another antagonist, PMBA (100 μM) at CT 4, also blocked the glycine-induced phase advance (−0.1 h, n = 21 cells in 1 explant) showing that this effect is mediated by specific GlyRs (Fig. 5E ). However, strychnine applied alone without simultaneous glycine application did not change the phase of neural activity (data not shown).
Discussion
The present study addresses the functional role of the inhibitory neurotransmitter glycine in the mouse suprachiasmatic nucleus, an aspect that has not been examined previously. By using a method for continuous long-term recordings from cultured organotypic slices 
. Glycine induced changes in the firing rate of SCN neurons in organotypic cultures
Application of glycine (1 mM) during MEA recordings induces either A, an increase or C, a decrease of the firing rate. The concentrations of the drugs refer to the beginning of the application with the autosampler which is completed after 150 s; then the drug concentration slowly decreases because it is washed out by the superfusion flow. B, in cells that were excited by glycine application, strychnine induces a decrease of the firing rate. D, the proportion of SCN cells responding to glycine with a decrease of their firing rate is more prominent at CT 4 (24%) than at CT 16 (6%). At this time a small subset of SCN neurons (5%) respond to glycine with a biphasic change of their firing rate. n = 58 (CT 4), n = 89 (CT 16). E and F illustrate one experiment where the effects of glycine on the firing rate is opposite in the SCN (E) and in the PVN (F). The bars above the recording traces represent the presence of glycine in the recording chamber. with multi-electrode arrays, we could now establish that glycine is able to phase-shift rhythmic neuronal activity in the master clock by the activation of specific strychnine-sensitive glycine receptors.
Glycine and GABA A receptors belong to the same nicotinic acetylcholine receptor (nAChR) superfamily; both gate ionotropic receptors permeable to chloride ions with similar properties (Betz & Laube, 2006) . In the present experiments none of the glycine antagonists could entirely block the glycine-induced current, suggesting that the current is composed of several components triggered by activation of both glycine and GABA A receptors, as has been described in neurons of spinal cord (Jonas et al. 1998 ) and olfactory bulb (Trombley et al. 1999 ).
Figure 5. Glycine phase-shifts the circadian rhythm of the firing rate of SCN neurons
The different shaded traces represent the average activity recorded from all electrodes of a MEA that exhibit rhythmic activity (n = 9-45). In each case, application of vehicle or 1 mM glycine occurs at time = 0 h. The calculated cosine curves are shown as an overlay on the recording traces. The continuous curve indicates the original phase and the dashed line the phase after application. A, example of a vehicle application at CT 4 showing no shift of the circadian oscillation of the firing rate. B, example of a phase advance induced by 1 mM glycine (1.8 h) at the same circadian time. C, example of a phase delay (−1.7 h) following application of 1 mM glycine at CT 16. D, phase-response histograms for vehicle and glycine at CT 4 and CT 16 (n = 64-167 cells in 3-7 explants). E, phase-response histograms showing the effect of co-application of strychnine (5 μM) and glycine (1 mM) at CT 4 and CT 16 (n = 114-130 cells in 5 explants). The histograms with dashed lines illustrate the results obtained with glycine alone. The co-application of PMBA (100 μM) with glycine done in a single experiment, confirms the results obtained with glycine.
Indeed, the GABA A blocker gabazine partially reduced the amplitude of the glycine-induced current. Nevertheless, in the SCN simultaneous application of GABA and glycine at saturating concentrations resulted in responses larger than the maximal response to one of the drugs alone, but equal or smaller than the arithmetic sum of both currents, a phenomenon known from neurons of the rat olfactory bulb (Trombley et al. 1999 ) and the striatum (Sergeeva, 1998) . Moreover, a small proportion of SCN neurons was only sensitive to glycine and not to GABA which suggests that in some neurons glycine activates merely glycine receptors and not GABA A receptors. This is supported by a recent study where the GABA A antagonist gabazine did not block all spontaneous inhibitory postsynaptic currents in the SCN, showing that another inhibitory neurotransmitter, possibly glycine, mediates these inhibitory responses (Klisch et al. 2009 ).
In MEA recordings from organotypic slice cultures, glycine caused inhibitory as well as excitatory responses of the firing rate. Earlier studies have raised the possibility that the inhibitory neurotransmitter GABA can also function in the mature SCN as an excitatory neurotransmitter depending on the circadian time (Wagner et al. 1997) , but these findings have been questioned by others (Gribkoff et al. 1999) . Later it was shown that a subset of mature SCN neurons exhibit GABA A receptor-mediated excitations (Choi et al. 2008) and respond with an increase in intracellular calcium concentrations, which is associated with neuronal excitation (Irwin & Allen, 2009 ). These dual effects of GABA responses might be caused by circadian changes in intracellular chloride concentrations which could be generated either by a change in passive chloride fluxes or by changes in the efficiency of chloride-regulating mechanisms (Wagner et al. 2001) .
Intrinsic differences in responsiveness to GABA showing an excitatory action in the dorsal and an inhibitory action in the ventral part of the SCN were also observed by Albus et al. (2005) and the authors hypothesized that GABA transmits phase information between ventral and dorsal oscillators by an excitatory action on dorsal SCN neurons. It deserves further analysis whether excitatory and inhibitory responses to glycine in the SCN could have a similar basis. At least in SCN cell cultures, an increase of intracellular Ca 2+ was observed in a small subset of cells after application of glycine (van den Pol et al. 1996b ) which denotes excitatory responses. This indicates either that the neuronal network in the SCN is responsible for the glycine-mediated excitation in the SCN, for example when an inhibitory input from structures outside of the SCN is blocked by glycine, or that circadian oscillations of the chloride equilibrium potential cause the switch between excitation and inhibition.
An interaction between excitatory pathways and neuropeptide Y (NPY) signalling arising from the geniculo-hypothalamic tract was also recently proposed where inhibitions may arise from glycinergic trans-synaptic mechanisms (Schmahl & Böhmer, 1997) . Interestingly, NPY, like glycine, elicits either a suppression of SCN neuronal discharge when it is bath applied or excitation of the firing rate when it is locally applied (cf. Brown & Piggins, 2007) . These responses are either due to presynaptic inhibitory effects on glutamatergic or GABAergic signalling within SCN neurons or to postsynaptic effects on Ca 2+ currents (van den Pol et al. 1996a ). In the present study we tested this hypothesis and could not find any evidence for an interaction between glycinergic and NPY signalling in the SCN (data not shown), which suggests that glycine-induced phase advance during daytime does not involve NPY-dependent signalling.
Glycine can act as co-agonist of the ionotropic NMDA receptor (Johnson & Ascher, 1987; Kleckner & Dingledine, 1988) . In dissociated neurons of the rat SCN, glycine can potentiate NMDA receptor responses by a strychnine-insensitive mechanism, apart from its strychnine-sensitive induction of a chloride current (Ito et al. 1991) . However, in acute slices of the mouse hypothalamus, patch-clamp recordings did not show any potentiating effect of glycine on NMDA currents. This could be based on the fact that the maximal concentration of glycine released from the SCN is in a range that is sufficient to saturate its binding site on NMDA receptors (Johnson & Ascher, 1987) . Maximum release of glycine occurs at a time that corresponds to the peak time of arginine vasopressin (AVP) release (Shinohara et al. 1998) , which is known to occur around CT 6-8 (Kalsbeek et al. 1995) . At this time, when the mouse SCN clock, contrary to the hamster SCN (Meijer et al. 1988) , is unresponsive to NMDA-mediated phase-shifting effects, applications of exogenous glycine cause phase shifts of the neuronal activity rhythm. This effect is clearly mediated by strychnine-sensitive GlyRs and not by a glycinergic potentiation of NMDA receptors.
Interestingly, in hamster, application of the GABA A receptor agonist muscimol causes a phase advance of locomotor activity rhythm at about the same time as a glycine-induced phase advance in vitro is observed in the mouse SCN (Smith et al. 1989) . The action of glycine on the phase of neuronal activity would be then synergistic to the action of GABA. Glycine-and GABA-mediated co-transmission could support the precise regulation of the time course of postsynaptic conductance by the relative amount of both neurotransmitters released from the presynaptic terminal as it was described in the spinal cord (Jonas et al. 1998) .
The origin of glycinergic signalling within the SCN could arise from an intrinsic production of glycine by SCN neurons or by a glycinergic innervation from hypothalamic or extrahypothalamic sites. In organotypic brain J Physiol 589.9 slices, it was shown that glycine is released from the SCN with a circadian rhythm showing a phase similar to the release of AVP (Shinohara et al. 1998) . Other regions of the rodent brain, like the cerebellum, cortex, midbrain and pons also show daily variations in their glycine levels with highest levels during daytime (Ross et al. 1980) . Circadian fluctuations in the release of transmitters, especially GABA, seem to be important to synchronize SCN cells that communicate phase-induced changes in responsive neurons to the rest of the nucleus (Liu & Reppert, 2000) . In contrast to glycine, data on the temporal profile of GABA release are lacking and data on its content rhythm in the SCN are inconsistent showing either a peak at night (Aguilar-Roblero et al. 1993) or in the morning (Ikeda et al. 1997) . Recently an interesting hypothesis has proposed a model where the endogenous release of GABA from efferent SCN nerve terminals mediates the pathway in the dorsal hypothalamus that is responsible for inhibition of pineal melatonin synthesis (Kalsbeek et al. 1999) . Thus, the rhythmic release of a neurotransmitter could serve two functions: first, an internal connection and synchronization of neurons within the nucleus and, second, an output signal that drives other rhythmic processes.
Glycine receptors are abundantly expressed in the hypothalamus (Malosio et al. 1991; Kirsch & Betz, 1993) and immunohistochemical studies reveal a substantial number of glycinergic fibres (Rampon et al. 1996) . A dense glycinergic innervation of the hypothalamus was confirmed by using a transgenic mouse expressing enhanced green fluorescent protein (EGFP) under the control of glycine transporter 2 (GlyT2) promoter (Zeilhofer et al. 2005) . Whereas Zeilhofer et al. (2005) did not describe glycinergic axon terminals in the SCN, a recent immunohistochemical study using the same GlyT2-EGFP mouse model could demonstrate the presence of glycinergic fibres in the SCN, and especially in the tissue surrounding the SCN (Mahr, 2008) , which is of importance because many inputs to the SCN come from the structures that directly surround it (Saeb-Parsy et al. 2000) . The visualization of pre-terminal EGFP-positive axons entering the hypothalamus along the medial forebrain bundle strongly suggests that glycinergic neurons innervating the forebrain originate from pontine or medullary structures (Zeilhofer et al. 2005) , from which especially the pontine structures provide a direct afferent input to the SCN (Krout et al. 2002) . Visceral feedback important for regulating the timing of food intake could reach the SCN by this multisynaptic pathway, possibly via the pontine parabrachial nucleus (Krout et al. 2002) .
In the early subjective night, around CT 16, when microinjections of NMDA produce phase delays in the hamster SCN (Mintz et al. 1999) , Pituitary adenylate cyclase-activating peptide (PACAP) phase-shifts the activity rhythm by potentiating NMDA receptors (Harrington et al. 1999) . At the same time glycine has a synergistic effect to NMDA and produces also phase delays mediated by strychnine-sensitive GlyRs. Beside its direct GlyR-mediated effect, glycine could also indirectly potentiate NMDA responses and thus enhance the transmission of photic information to the circadian system.
In this scenario even a weak glycinergic innervation of the SCN, as well as the intrinsic release of glycine from SCN neurons, could lead to a precise fine-tuning of GABA-and NMDA-mediated synchronization and influence phase resetting of the clock.
